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Abstract. In order to assess future glacier evolution and melt-water runoff, accurate knowledge on the volume and the ice 

thickness distribution of glaciers is crucial. However, in-situ observations of glacier thickness are sparse in many regions 

worldwide due to the difficulty of undertaking field surveys. This lack of in-situ measurements can be partially overcome by 

remote sensing information. Multi-temporal and contemporaneous data on glacier extent and surface elevation provide past 

information on ice thickness for retreating glaciers in the newly deglacierized regions. Yet, these observations are concentrated 15 

near the glacier snouts, which is disadvantageous because it is known to introduce biases in ice thickness reconstruction 

approaches. Here, we show a strategy to overcome this generic limitation of so-called “retreat” thickness observations by 

applying an empirical relationship between the ice viscosity at locations with in-situ observations and observations from DEM-

differencing at the glacier margins. Various datasets from the European Alps are combined to model the ice thickness 

distribution of Alpine glaciers for two timesteps (1970 & 2003) based on observed thickness in regions uncovered from ice 20 

during the study period. Our results show that the average ice thickness would be substantially underestimated (~40%) when 

relying solely on thickness observations from previously glacierized areas. Thus, a transferable topography-based viscosity 

scaling is developed to correct the modeled ice thickness distribution. It is shown that the presented approach is able to 

reproduce region-wide glacier volumes, while larger uncertainties remain at a local scale, and thus might represent a powerful 

tool for application in regions with sparse observations.  25 

1 Introduction 

Glaciers are retreating in most mountain regions of the world due to climate warming. Recent measurements of global glacier 

change show that around 20% of the observed sea-level rise during the 21st century can be attributed to mass loss of mountain 

glaciers (Hugonnet et al., 2021). Also, diminishing glacier volumes affect seasonal water runoff and the availability of fresh 

water (Huss and Hock, 2018; Rodell et al., 2018), particularly in arid and semiarid regions. On a local scale, glacier retreat 30 

induces natural hazards related to periglacial and glacial environments (Stoffel and Huggel, 2012), such as rockfalls or 
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flooding, but could also offer new hydrological storage and sustainable energy potentials (Ehrbar et al., 2018; Farinotti et al., 

2019b). Therefore, knowledge of the distribution of glacier ice volume and thickness is crucial to predict future glacier retreat 

and deglacierization as well as the subsequent consequences on freshwater supply, hazards (glacial lake outburst floods) and 

sea-level (Marzeion et al., 2012). While increasingly detailed glacier area inventories are becoming available (Pfeffer et al., 35 

2014), there are still no direct measurements of ice thickness for the majority of the glaciers (Welty et al., 2020). Furthermore, 

modelling approaches of the glacier-wide thickness distribution and volume are also required for glaciers with direct 

observations of ice thickness as in-situ measurements typically only cover a fraction of the glacierized area (Farinotti et al., 

2021).  

To efficiently derive the thickness of glaciers on a regional scale, the Ice Thickness Model Intercomparison eXperiment 40 

(ITMIX) aimed at the comparison of different thickness reconstruction approaches, solely based on properties of the glacier 

surface (Farinotti et al., 2017). Participating models were diverse and relied either on mass conservation, on simplifications of 

the force balance, on the perfect plasticity assumption or a combination of these. Historically, many of the approaches did not 

aim at reproducing available thickness measurements. These primarily entered as loose calibration or validation observations.  

During the second experimental phase (ITMIX2), the intercomparison was therefore extended to include ice thickness 45 

measurements and tested the capability of these approaches to assimilate thickness observations. While the inclusion of 

thickness observations did improve the average modeled ice thickness, the results suggest that an uneven distribution of 

observations across the glacier domain can cause a systematic bias in ice thickness. Particularly, an underestimation of average 

glacier thickness was found for several models when relying preferentially on thickness observations of the lowest glacier 

elevations. Contrastingly, measurements of the thick glacier parts reduced the spread in estimated mean thickness between the 50 

ITMIX2 members (Farinotti et al., 2021). Similarly, a recent study, based on remote sensing glacier velocity measurements 

and an inversion approach of Stokes ice flow mechanics (Jouvet, 2022), showed that the availability of ice thickness 

observations, while less important for estimates of total glacier volumes, can greatly improve the modelled ice thickness 

distribution.  

However, this poses a problem for thickness estimations of many glaciers as in-situ observations of ice thickness, such as 55 

direct measurements by drilling, seismic soundings or Ground Penetrating Radar (GPR), are usually associated with 

considerable logistical efforts and technical challenges. Ice thickness for a given previous glacier geometry is however readily 

available for the deglacierized region from remote sensing. Glacier inventories and digital elevation models (DEM) provide 

information on the extent and surface elevation. When comparing glacier outlines at different timesteps, once glacierized areas 

can be identified which became ice-free between the acquisition dates of glacier inventories. Then, the original ice thickness 60 

is estimated by differencing the respective DEMs. With the growing number of available glacier outline and elevation datasets 

for different moments of time (Paul et al., 2020), these observations, termed “retreat thickness observations” henceforth, will 

increasingly become available. This information is a large asset for calibrating reconstruction approaches in many regions 

without in-situ thickness measurements. Even though some local inconsistencies related to changes in terrain elevation after 

deglaciation due to erosion and sedimentation processes might be present, the uncertainty in surface elevation inferred by 65 
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remote sensing is typically much smaller than a direct measurement of ice thickness, e.g. by GPR, and complete information 

on former ice thickness in deglaciated areas is available. Therefore, retreat thickness observations have a considerable potential 

to improve ice thickness estimates for the entire glacier. 

Here, we present an approach to reconstruct glacier-wide ice thickness distribution and volume from thickness observations 

based on repeated DEMs in deglacierized areas. To avoid a potential underestimation of the mean ice thickness, the model is 70 

calibrated with a slope- and elevation-based rescaling of the ice viscosity. The reconstruction is based on Alpine glaciers as in 

the European Alps glacier monitoring activities are more intense and denser than anywhere else in the world (Haeberli et al., 

2007; WGMS, 2021). We use glacier inventories and DEMs to identify areas at the glacier margins which became ice-free 

since the 1970s and extract the prior ice thickness by differencing respective DEMs. Additionally, empirical viscosity scaling 

parameters are derived from a large number of available in-situ measurements of ice thickness, compiled from various sources. 75 

Then, the 1970s ice thickness distribution of Swiss and Austrian glaciers is reconstructed based on remote sensing data of the 

period ~1970-2019 and different subsets of thickness observations from field surveys and deglacierized areas. Finally, the 

approach is transferred to all alpine glaciers and the modeled ice thickness of the early 21st century is compared to previous 

reconstructions of Alpine glacier volumes.  

2 Data & Methods 80 

The ice thickness distribution of Alpine glaciers is calculated following the ice thickness reconstruction proposed by Fürst et 

al. (2017, 2018). The reconstruction is based on mass conservation, adapted from (Morlighem et al., 2011), and relies on the 

principle of the shallow ice approximation (SIA) (Hutter, 1983). Initially, the glacier-wide ice flux is derived from the 

difference of the surface mass balance (SMB) and the surface elevation change. Thereafter, the estimated ice flow is converted 

to ice thickness assuming the SIA. SIA based approaches are used by a number of recent regional to global glacier thickness 85 

reconstructions (Farinotti et al., 2019a; Maussion et al., 2019; Millan et al., 2022). The here applied reconstruction by Fürst et 

al. (2017) showed a close resemblance of locally observed ice thickness and robust thickness estimates during the ITMIX 2 

intercomparison if thickness observations were provided (Farinotti et al., 2021). 

2.1 Ice thickness reconstruction  

The mass conservation of the ice flow is expressed as vertical integral following Eq. (1) (Cuffey and Paterson, 2010): 90 

 

(1)     
𝛿𝐻

𝛿𝑡
+ 𝛻 ∙ (ս𝐻) = ḃ𝑆 + ḃ𝑏  
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where ∇ is the two-dimensional divergence operator, H is the ice thickness, u are the vertically averaged, horizontal velocity 

components and 
𝛿𝐻

𝛿𝑡
 are the glacier surface height changes. ḃS and ḃb are the surface and basal mass balance. The product of u 95 

and H is equal to the ice flux F. 

Eventually, the glacier-wide flux F is translated into local ice thickness according to Eq. (2) assuming the SIA (Hutter, 1983). 

 

(2)     𝐹∗ =
2

𝑛+2
𝜂−𝑛(𝜌𝑔)𝑛||𝛻ℎ||𝑛 ∙ 𝐻𝑛+2 

 100 

The two-dimension flux field solution is determined over the entire drainage basin, as defined by the glacier compound outline. 

Here, n is the flow law exponent, ρ the density of ice (917 kgm-3), g the gravitational acceleration (9.18 ms-2) and η the ice 

viscosity.  

2.2 Viscosity scaling 

Motivated by spatial uncertainties when estimating ice thickness from lateral measurements (Farinotti et al., 2021), the mass 105 

conservation approach was extended by including dependencies of ice viscosity and surface slope (Carrivick et al., 2016) and 

elevation. Therefore, η is calibrated according to slope and elevation dependent scaling factors (Eq. (3)): 

 

(3)     𝜂 = 𝜂0 ∙ (ξ𝜂
𝑠𝑙𝑜𝑝𝑒

∙ ξ𝜂
𝑒𝑙𝑒𝑣𝑎𝑡𝑖𝑜𝑛 ∙ ξ𝜂

𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒) 

 110 

η 0 is the initially estimated viscosity which is multiplied by correction factors for the surface slope ξ𝜂
𝑠𝑙𝑜𝑝𝑒

 (section 3.2) and 

glacier elevation range ξ𝜂
𝑒𝑙𝑒𝑣𝑎𝑡𝑖𝑜𝑛  (section 3.3). ξ𝜂

𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒  is an additional scaling factor, based on the distance to the glacier 

margin (Eq. (4)): 

 

(4)     ξ𝜂
𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 = 𝑎𝑡𝑎𝑛 (

𝑑𝑚𝑎𝑟𝑔𝑖𝑛

4∙𝐻
) ×

2

𝜋
 115 

 

Where dmargin is the distance to the glacier margin.  

The ice viscosity η 0 is initially estimated at locations where ice thickness measurements are available. Then, η 0 is interpolated 

across the glacier domain. To better constrain η 0 at the domain margins and avoid extrapolation artefacts, the mean viscosity 

from all measurements is prescribed around the glacier outline. For glaciers without any thickness measurements, the mean 120 

regionwide viscosity is used. 
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2.3 Uncertainty estimate 

The uncertainty of the reconstructed ice thickness distribution and derived glacier volumes is estimated based on a formal error 

map. These error maps include contributions from the uncertainties of the input SMB (section 2.4.5) and 
𝛿𝐻

𝛿𝑡
 (section 2.4.2) 

information. Using those uncertainties, the flux error is estimated and converted into thickness uncertainty fields (Eq. (2)). At 125 

locations with ice thickness observations, the thickness error map is set to the respective measurement uncertainty. To avoid 

artifacts in the error maps, unrealistically high uncertainty values are replaced by the glacier-specific median ice thickness in 

cases where the local uncertainty is higher than the median ice thickness. A detailed description of the formal error estimation 

can be found in Fürst et al. (2017). 

2.4 Input datasets 130 

2.4.1 Ice surface elevation 

Concerning the elevations of Alpine glaciers, past and present surface heights are derived from aerial photography, digitized 

topographic maps and space-borne SAR DEMs. For the Austrian Alps, aerial photographs of all glacierized areas were acquired 

with a mean picture scale of 1:30,000 between September and October 1969 (Patzelt, 1980). The original images were later 

digitized and co-registered to derive the photogrammetric DHM69 elevation model (Lambrecht and Kuhn, 2007) which is 135 

used in this study. Historic glacier elevations of the Swiss Alps are available via the DHM25 dataset provided by Federal 

Office of Topography swisstopo (Anon, 2005). The DHM25 elevation model was created from the Swiss national topographic 

map (scale 1:25,000) by digitizing contour lines and spot heights which were then interpolated to a 25m resolution grid. We 

use the original DHM25lvl1 product, because glacier areas were updated with surface heights from winter 2000/01 in the 

DHM25lvl2. Most map tiles covering the central Swiss Alps are from the 1980s (Anon, 2005) but the dates of glacier heights 140 

differ from the DHM25 specifications. Therefore, we refer to a detailed manual reconstruction (Fischer et al., 2015b) of the 

specific reference years (1961-1991) of the DHM25 to derive the map date of each glacier. For the early 21st century, glacier 

surface topography is extracted from the 1 arcsec void-filled C-Band SAR DEM of the Shuttle Radar Topography Mission 

(Farr et al., 2007; Podest and Crow, 2013) which was acquired during February 2000. Recent glacier surface heights are 

provided by the bistatic TanDEM-X satellite mission, operated by the German Aerospace Center (DLR) (Krieger et al., 2007; 145 

Zink et al., 2016). We use SAR DEMs from winter 2013/14 (Sommer et al., 2020) and 2018/19 to derive respective elevation 

mosaics. The 2018/19 TanDEM-X DEMs were created from ~160 Co-registered Single look Slant range Complex (CoSSC) 

acquisitions, using differential interferometry, and vertically and horizontally co-registered according to the workflow 

described by (Sommer et al., 2020). In this study, all elevation datasets are resampled to 30m grids. 

2.4.2 Surface elevation changes 150 

1969-2019 elevation changes of Austrian glaciers are inferred from the DHM69 and TanDEM-X. The TanDEM-X DEM and 

the DHM69 are vertically and horizontally co-registered, using non-glacierized and flat terrain (slope < 15°) outside glacierized 



6 

 

areas and water bodies (Braun et al., 2019). Eventually, the DEMs are differenced and elevation change rates (
𝛿𝐻

𝛿𝑡
) are calculated 

from the TanDEM-X and DHM69 acquisition dates. Since the DHM69 was acquired between September and October 1969, 

we use the average date (1. October 1969) as reference date. For the Swiss Alps, glacier elevation changes are obtained by 155 

differencing the TanDEM-X 2018/19 DEM mosaic and the DHM25. As for the DHM69, the TanDEM-X DEM and the 

DHM25 are vertically and horizontally co-registered to minimize elevation offsets. Thereafter, we use the individual glacier 

reference years of the DHM25 (Fischer et al., 2015b) (section 2.3.1) and the TanDEM-X acquisition dates to convert the height 

difference into elevation change rates. The median observation period of all Swiss glaciers is 1975-2019 with glacier-specific 

periods varying between 1961-2019 and 1991-2019. For the later reconstruction period (2000-2014), we use glacier elevation 160 

change rates derived from differencing SRTM C-Band (February 2000) and TanDEM-X DEMs of winter 2013/14 (Sommer 

et al., 2020). Data voids in the elevation change maps are in most cases caused by SAR layover and shadows. Therefore, we 

apply a bilinear interpolation as recommended by a recent study (Seehaus et al., 2020). Finally, all elevation change fields 

were bilinearly resampled to a spatial resolution of 30m. 

The mean vertical precision of the glacier elevation change rate is derived as slope-dependent standard deviations on non-165 

glacierized areas. All elevation change values outside glacier areas are aggregated within 5° slope bins. Thereafter, standard 

deviations of each slope bin are calculated and weighted by the respective total glacier area to derive the regionwide mean 

uncertainty. Further details on the elevation change error calculation are described in (Sommer et al., 2020). For the DEM 

differences of the DHM25, DHM69 and the 2019 TanDEM-X acquisitions, the mean regional elevation change uncertainty is 

±0.26 ma-1 and ±0.18 ma-1, respectively, which represents an uncertainty of ~39% relative to the measured absolute elevation 170 

change over the entire observation period. The slope-derived 
𝛿𝐻

𝛿𝑡
 error of the period 2000-2014 is ±0.39 ma-1 (Sommer et al., 

2020)(relative uncertainty of  ~53%). Therefore, we use an average uncertainty of the elevation change fields of ±0.3 ma-1. It 

should be noted, that we did not attempt a correction for height offsets between the optical/topographic and SAR DEMs due 

to signal penetration into the glacier surface. Particularly, for the DEM-difference between the 2018/19 TanDEM-X DEMs of 

winter 2018/19 and DHM69 of autumn 1969, glacier surface elevations were acquired during different seasons and the 175 

presence of signal penetration is likely for the TanDEM-X DEMs. However, we assume that the bias in elevation change due 

to radar penetration is small because the snow cover of winter 2018/19 is probably partially invisible for the X-band SAR and 

the observation period is very long (~40 years). In the case of the DHM25, no correction is applied because the exact mapping 

dates of the glacier areas are unknown. 

2.4.3 Glacier outlines 180 

20th century outlines of Alpine glaciers are extracted from the 1969 Austrian (GI1) and 1973 Swiss glacier inventories 

(SGI1973). The 1969 Austrian GI1 was originally compiled from the same aerial photographs as the DHM69 (Patzelt, 1980) 

and later digitized (Lambrecht and Kuhn, 2007). Outlines of the SGI1973 are based on aerial photographs of September 1973 

(Müller et al., 1976; Maisch et al., 2000) which were digitized and georeferenced by (Paul et al., 2004). Due to the varying 
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timestamps of the DHM25, many glacier outlines of the SGI1973 are older than the respective surface heights of the DHM25. 185 

However, the glacier area change between 1973 and 1985 was very small (~ -1%) (Paul et al., 2004). Several glacier inventories 

covering the entire Alps have been created from satellite images and semiautomatic classification. The Randolph Glacier 

Inventory (RGI) (Pfeffer et al., 2014) of the European Alps was mostly created from band ratios of optical 2003 Landsat 

imagery with a resolution of 30 m (Paul et al., 2011). 2013-15 glacier extents were mapped from Landsat 8 images (Sommer 

et al., 2020). The most recent alpine-wide inventory is based on 10 m-resolution Sentinel S2 acquisitions (Paul et al., 2020) 190 

from the years 2015-17. Additionally, recent regional inventories are available for the Austrian Alps 2015 (Buckel et al., 2018) 

and Swiss Alps 2013-18 (SGI2016) (Linsbauer et al., 2021), based on manual delineation of glacier outlines from high-

resolution optical images and elevation models. For each glacier inventory, adjacent glacier boundaries are removed and the 

respective glaciers are merged into continuous geometries. Thereby, inconsistencies in ice thickness across divides and ridges 

are avoided (Fürst et al., 2017). 195 

2.4.4 Ice thickness observations 

Reference ice thickness observations of Alpine glaciers are available via the Glacier Thickness Database (GlaThiDa V.3) 

(GlaThiDa Consortium, 2020), which is a standardized collection of remote sensing & in-situ measurements, and a recent 

publication on helicopter-borne ground-penetrating radar (GPR) measurements of almost all larger Swiss glaciers (Grab et al., 

2021). While the GlaThiDa database of Alpine glaciers includes a large number of observations from different time periods 200 

and measurement techniques, the dataset by (Grab et al., 2021) provides mainly GPR tracks between 2016 and 2020 but also 

older, so far not publicly available, measurements. Most of the in-situ thickness observations are very densely spaced. 

Therefore, we removed observations which were less than 30 m apart, resulting in a total number of ~53,000 in-situ 

measurements. The mean measurement uncertainty of all in-situ observations is 8.2 m or ~10% relative to the mean glacier 

thickness of all in-situ observations. For ~30% of the observations, the error is unknown because there is no information on 205 

the measurement uncertainty within the GlaThiDa database. For those measurements, the uncertainty is approximated as 20% 

of the respective ice thickness value. 

Thickness observations of the glacier margins are derived from glacier areas which became ice-free as delineated by the multi-

temporal outline and elevation information. Therefore, absolute elevation change values (δH) are extracted at glacier retreat 

areas which were inferred from differencing respective glacier inventories. Additionally, an inner and outer buffer of 30 m is 210 

applied to the glacier retreat areas and a slope threshold of 25° to exclude values close to the glacier outlines or at steeper 

slopes which tend to be less reliable. In summary, we derive approximately 140,000 thickness observations from glacier areas 

which became ice-free between 1969 (AT) and ~1970 (CH) and 2019. For the period 2000-2014, we obtain 70,000 

observations. The uncertainty of the δH measurements can be estimated from the errors of the 
𝛿𝐻

𝛿𝑡
 fields (section 2.4.2.) and the 

respective observations periods of the DEM-differences. Hence, the mean vertical δH uncertainties for the period ~1970-2019 215 

are ±10.3 m and ±8.9 m for Swiss and Austrian glaciers and ±5.5 m for the period 2000-2014. Compared to the respective 
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mean δH, the relative uncertainty of the retreat thickness measurements is ~34% (AT) and 38% (CH) for ~1970-2019 and 

~25% (Alps) for 2000-2014. 

2.4.5 Surface mass balance 

SMB estimates for all glaciers of the European Alps (referring to the RGI v6.0) are available from the Global Glacier Evolution 220 

Model (GloGEM, Huss and Hock, 2015; Zekollari et al., 2019). The model describes the main processes of mass balance – 

accumulation, melt and refreezing – and provides annual SMB for 10 m elevation bins between 1951 and 2019. The model 

was driven by the E-OBS dataset (Cornes et al., 2018) and has been calibrated to match glacier-specific mass changes 2000-

2019 (Hugonnet et al., 2021). For the ice thickness reconstruction in this study, we averaged the annual SMB of each glacier  

over the periods 1969-2019 and 2000-2014, respectively. The elevation-binned SMB information is transferred to 30m grids 225 

using linear interpolation. To account for variations in glacier area and elevation over time, we use the SRTM DEM and RGI 

outlines for the period 2000-2014 and the Swiss and Austrian glacier inventories (GI1 & SGI1973) as well as surface elevations 

of the DHM69 and DHM25 for ~1970-2019. For the historic glacier inventories (GI1 & SGI1973), we spatially matched the 

glacier areas and the IDs of the RGI by comparing the respective outlines. In cases where the historic outline overlapped with 

more than one RGI ID, due to differences in the delineation of ice divides or the disintegration of a once continuous glacierized 230 

area into several smaller glaciers, we used the SMB values of the RGI geometry which had the largest spatial overlap. In 

addition, we had to apply hypsometric extrapolation in some cases to vertically extend the SMB information because the 

glacier outline of the historic inventories covered a larger elevation range than the respective RGI geometry. 

2.5 Experimental setup 

For the mass-conservation reconstruction, information on the glacier extent, surface topography and surface mass balance and 235 

elevation changes are required. Additional thickness observations are used to constrain the estimated ice thickness. Based on 

the above presented input datasets, we first calibrate the reconstruction method during the full observational period 1970-2019 

in Switzerland and Austria. Then, the method is transferred to the entire European Alps focussing on the period 2000-2014. A 

detailed overview of the experimental setup and used input datasets is shown in Fig.1 and described in detail in the following 

sections.  240 

2.5.1 Reconstruction calibration 1970-2019 

For the early period 1969-1973, glacier heights are extracted from the Swiss DHM25 and Austrian DHM69 while glacier areas 

are taken from the SGI1973 and GI1. The acquisition dates of the respective glacier outlines mostly refer to the years 1973 

(Switzerland) and 1969 (Austria). Regarding the glacier surface topography, the Austrian DHM69 represents surface heights 

of the same year as the glacier inventory whereas the Swiss DHM25 elevations refer to regionally different acquisition years 245 

(see section 2.3.1). In the following sections, the reconstruction of the historic Swiss and Austrian ice thickness is therefore 

denoted as 𝐻𝑆𝐼𝐴1970 according to the approximate acquisition dates of the glacier outlines and DEMs (‘1970’). As input fields 
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for the 𝐻𝑆𝐼𝐴1970 reconstruction, elevation change rates are derived from the difference of the DHM25/DHM69 and TanDEM-

X mosaic of winter 2018/19. The 𝐻𝑆𝐼𝐴1970  is applied for two experimental setups, using different samples of thickness 

observations and viscosity scaling factors:  250 

For the initial reference run (𝐻𝑆𝐼𝐴1970
𝑖𝑛−𝑠𝑖𝑡𝑢), the available in-situ thickness observations (GlaThiDa Consortium, 2020; Grab et al., 

2021) of glaciers in the Swiss and Austrian Alps are divided into two equal sub-samples. All glaciers with in-situ measurements 

(304 glaciers total) are grouped into four equal size classes by using the glacier-area quantiles. Thereafter, half of the glaciers 

of each class are selected randomly to create a set of calibration and validation glaciers (152 glaciers each). Based on those 

randomly selected glaciers, the in-situ thickness observations are divided into a set of calibration ( 𝑛𝑐𝑎𝑙
𝑖𝑛−𝑠𝑖𝑡𝑢  = 24677 255 

measurements) and validation (𝑛𝑣𝑎𝑙
𝑖𝑛−𝑠𝑖𝑡𝑢 = 25753 measurements) points. The thickness measurements of these observational 

datasets are rather equally distributed across lower and upper sections of the glaciers and well represent both the thick and 

central parts as well as the glacier margins. A detailed overview of the random selection of calibration and validation glaciers 

is provided in Table S1 & S2 and Fig.S1 & S2. All in-situ thickness observations of the 152 calibration glaciers are used for 

𝐻𝑆𝐼𝐴1970
𝑖𝑛−𝑠𝑖𝑡𝑢 . No scaling of the ice viscosity is applied (Fig.1; Fig.2a).  260 

The second calibration setup (𝐻𝑆𝐼𝐴1970
𝑟𝑒𝑡𝑟𝑒𝑎𝑡 ) is exclusively based on thickness observations from glacierized areas which became 

ice-free between the 1970s and today (𝑛1970
𝑟𝑒𝑡𝑟𝑒𝑎𝑡). Unlike the in-situ measurements, the majority of these thickness observations 

are derived at lower elevations and close to the margin or terminus as those glacier parts typically show higher retreat rates 

than the accumulation areas. For the 𝐻𝑆𝐼𝐴1970
𝑟𝑒𝑡𝑟𝑒𝑎𝑡  setup we perform three iterations of the thickness reconstruction (Fig.1; Fig.2b-

d): (1) without ice viscosity scaling (𝐻𝑆𝐼𝐴1970
𝑟𝑒𝑡𝑟𝑒𝑎𝑡 01), (2) glacier surface slope-based viscosity scaling (𝐻𝑆𝐼𝐴1970

𝑟𝑒𝑡𝑟𝑒𝑎𝑡 02; see section 3.2) 265 

and (3) glacier surface elevation and slope based viscosity scaling (𝐻𝑆𝐼𝐴1970
𝑟𝑒𝑡𝑟𝑒𝑎𝑡 03; section 3.3). For each iteration of 𝐻𝑆𝐼𝐴1970

𝑟𝑒𝑡𝑟𝑒𝑎𝑡 , the 

reconstructed viscosity and thickness are compared to the respective 𝐻𝑆𝐼𝐴1970
𝑖𝑛−𝑠𝑖𝑡𝑢  values. The initial iteration (𝐻𝑆𝐼𝐴1970

𝑟𝑒𝑡𝑟𝑒𝑎𝑡 01) includes 

no additional scaling of the ice viscosity, similarly as 𝐻𝑆𝐼𝐴1970
𝑖𝑛−𝑠𝑖𝑡𝑢 . Based on the difference in viscosity between 𝐻𝑆𝐼𝐴1970

𝑖𝑛−𝑠𝑖𝑡𝑢  and 

𝐻𝑆𝐼𝐴1970
𝑟𝑒𝑡𝑟𝑒𝑎𝑡 01 (section 3.2), empirical slope-based scaling factors can be derived which are then applied to the viscosity estimation 

during the second calibration iteration (𝐻𝑆𝐼𝐴1970
𝑟𝑒𝑡𝑟𝑒𝑎𝑡 02) according to Eq. (5):  270 

 

(5)     ξ𝜂
𝑠𝑙𝑜𝑝𝑒

= ƴ𝜂
𝑠𝑙𝑜𝑝𝑒

× (𝛼 − 𝛼𝜂
𝑡ℎ𝑟𝑒𝑠) for α ≤ 𝛼𝜂

𝑡ℎ𝑟𝑒𝑠 

 

Where ξ𝜂
𝑠𝑙𝑜𝑝𝑒

 is the slope-based viscosity scaling factor and depends on the local surface slope (α). Calibration parameters are 

a slope gradient factor (ƴ𝜂
𝑠𝑙𝑜𝑝𝑒

; units per degree) and the respective slope threshold (𝛼𝜂
𝑡ℎ𝑟𝑒𝑠) beyond which the viscosity ratio 275 

equals 1. 

Additionally, the slope-based scaling of 𝐻𝑆𝐼𝐴1970
𝑟𝑒𝑡𝑟𝑒𝑎𝑡 02 (Fig.2c) is extended with an elevation-based viscosity scaling (𝐻𝑆𝐼𝐴1970

𝑟𝑒𝑡𝑟𝑒𝑎𝑡 03) 

to avoid unrealistically high thickness values in the upper glacier parts. As the vertical extents of alpine glaciers vary 

significantly, the elevations of each continuous glacier area are normalized between the lowest (hmin=1) and highest glacier 
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elevation (hmax=0). An additional quantile filter is applied to the elevation range which defines the lowest and highest 2% of 280 

elevation values to 1 and 0, respectively. By this means, we compensate for uncertainties in the glacier area delineation as the 

lowest and highest points of the glacier outline are often difficult to identify due to debris coverage or firn. The second scaling 

factor is applied based on the linear regression between the ice viscosity and the normalized glacier elevation range (Eq. (6)): 

 

(6)     ξ𝜂
𝑒𝑙𝑒𝑣𝑎𝑡𝑖𝑜𝑛 = 1.0 + ƴ𝜂

𝑒𝑙𝑒𝑣𝑎𝑡𝑖𝑜𝑛 × (ℎ̃ − ℎ̃𝜂
𝑡𝑟𝑒𝑠) for 0 ≤ ℎ̃ ≤ 1 285 

 

Where ξ𝜂
𝑒𝑙𝑒𝑣𝑎𝑡𝑖𝑜𝑛  is the empirical elevation range-based correction, which is derived from the normalized local glacier elevation 

(ℎ̃), the slope of the linear regression (ƴ𝜂
𝑒𝑙𝑒𝑣𝑎𝑡𝑖𝑜𝑛) and the vertical threshold (ℎ̃𝜂

𝑡ℎ𝑟𝑒𝑠) where no correction is applied. By applying 

Eq. (6), 𝜂 is corrected and the final flux field and ice thickness (Fig.2d) is recalculated considering the slope and elevation 

dependent viscosity ratios (𝐻𝑆𝐼𝐴1970
𝑟𝑒𝑡𝑟𝑒𝑎𝑡 03).  290 

 

 

Figure 1: Visualization of experimental setup and input datasets: Over the period ´1970´-2019, surface slope- and elevation-based 

scaling factors (𝛏𝛈
𝐬𝐥𝐨𝐩𝐞

 & 𝛏𝛈
𝐞𝐥𝐞𝐯𝐚𝐭𝐢𝐨𝐧 ) are calibrated by comparing the ice thickness distribution (𝐇𝐒𝐈𝐀𝟏𝟗𝟕𝟎 ) derived from in-situ 

thickness observations (𝐇𝐒𝐈𝐀𝟏𝟗𝟕𝟎
𝐢𝐧−𝐬𝐢𝐭𝐮 ) and retreat thickness observations at the glacier margins (𝐇𝐒𝐈𝐀𝟏𝟗𝟕𝟎

𝐫𝐞𝐭𝐫𝐞𝐚𝐭 ). By iterating 𝐇𝐒𝐈𝐀𝟏𝟗𝟕𝟎
𝐫𝐞𝐭𝐫𝐞𝐚𝐭  295 

( 𝐇𝐒𝐈𝐀𝟏𝟗𝟕𝟎
𝐫𝐞𝐭𝐫𝐞𝐚𝐭 𝟎𝟏  - 𝐇𝐒𝐈𝐀𝟏𝟗𝟕𝟎

𝐫𝐞𝐭𝐫𝐞𝐚𝐭 𝟎𝟑 ), 𝛏𝛈
𝐬𝐥𝐨𝐩𝐞

and 𝛏𝛈
𝐞𝐥𝐞𝐯𝐚𝐭𝐢𝐨𝐧  are calibrated. Eventually, the calibrated scaling factors ( 𝛏𝛈

𝐬𝐥𝐨𝐩𝐞
& 𝛏𝛈

𝐞𝐥𝐞𝐯𝐚𝐭𝐢𝐨𝐧 ) are 

transferred to the period 2003-2014 to estimate the total alpine-wide glacier volume from different samples of ice thickness 

observations (𝐇𝐒𝐈𝐀𝟐𝟎𝟎𝟑
𝐢𝐧−𝐬𝐢𝐭𝐮 & 𝐫𝐞𝐭𝐫𝐞𝐚𝐭 𝟎𝟑 & 𝐇𝐒𝐈𝐀𝟐𝟎𝟎𝟑

𝐫𝐞𝐭𝐫𝐞𝐚𝐭 𝟎𝟑). 
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2.5.2 Alpine-wide glacier volumes 2003 300 

For the early 21st century (´2003’), the glacier volume of all Alpine glaciers (𝐻𝑆𝐼𝐴2003
𝑟𝑒𝑡𝑟𝑒𝑎𝑡 03) is estimated based on RGI glacier 

areas, the SRTM DEM and surface elevation changes and mass balance data of the period 2000-2014. Retreat thickness 

observations are extracted from glacier areas which became ice-free since 2000 (𝑛2003
𝑟𝑒𝑡𝑟𝑒𝑎𝑡). Additionally, 𝐻𝑆𝐼𝐴2003

𝑖𝑛−𝑠𝑖𝑡𝑢 & 𝑟𝑒𝑡𝑟𝑒𝑎𝑡 03 

is derived from the same input data. However, all available in-situ thickness observations (𝑛𝑎𝑙𝑙
𝑖𝑛−𝑠𝑖𝑡𝑢) are integrated as well as 

observations from glacier areas which became ice-free since 2000 (𝑛2003
𝑟𝑒𝑡𝑟𝑒𝑎𝑡). For both reconstructions, viscosity correction 305 

factors are transferred from the estimates of the 1970s Swiss and Austrian glacier volumes (Fig.1). 
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Figure 2: Reconstructed ice thickness of glaciers of the Bernese Alps (Jungfrau-Aletsch) for the 1970s: a) Glacier thickness estimated 310 
from in-situ thickness measurements (𝑯𝑺𝑰𝑨𝟏𝟗𝟕𝟎

𝒊𝒏−𝒔𝒊𝒕𝒖 ). Locations of observations from field surveys are indicated as black triangles (Grab 

et al., 2021). b) Glacier thickness based on thickness observations (black dots) from glacier retreat areas (𝑯𝑺𝑰𝑨𝟏𝟗𝟕𝟎
𝒓𝒆𝒕𝒓𝒆𝒂𝒕 𝟎𝟏). c) Thickness 

based on retreat observations and slope-dependent viscosity scaling (𝑯𝑺𝑰𝑨𝟏𝟗𝟕𝟎
𝒓𝒆𝒕𝒓𝒆𝒂𝒕 𝟎𝟐). d) Thickness based on retreat observations and 

slope- as well as elevation-dependent viscosity scaling (𝑯𝑺𝑰𝑨𝟏𝟗𝟕𝟎
𝒓𝒆𝒕𝒓𝒆𝒂𝒕 𝟎𝟑). 

 315 

3 Results 

3.1 1970s ice thickness reconstruction and viscosity calibration 

3.1.1 In-situ thickness reconstruction 

The ‘1970’ reference ice thickness (𝐻𝑆𝐼𝐴1970
𝑖𝑛−𝑠𝑖𝑡𝑢) of Swiss and Austrian glaciers is estimated from the historic Swiss and Austrian 

glacier inventories (SGI1973 & GI1), DEMs (DHM25 & DHM69) and respective surface elevation change and mass balance 320 

data. In addition, all 𝑛𝑐𝑎𝑙
𝑖𝑛−𝑠𝑖𝑡𝑢 thickness observations are included to constrain the reconstructed ice thickness distribution. In 

most cases the survey dates of the in-situ measurements differ from the acquisition dates of the DEMs. To derive the respective 

ice thickness at the acquisition date of the DEM, the in-situ observations have to be temporally homogenized. Therefore, we 

exclusively permit measurements that include both thickness and surface elevation and thus give information on the local basal 

elevation beneath the glaciers. This is the case for all of the GPR thickness observations (Grab et al., 2021) and almost all of 325 

the GlaThiDa entries. For the thickness homogenisation and the reconstructions, we assume negligible changes in the basal 

elevation and subtract it from the reference DEM in ´1970´ and 2000. The estimated ice volume for the Swiss and Austrian 

Alps (𝑉𝑆𝐼𝐴1970
𝑖𝑛−𝑠𝑖𝑡𝑢) is 121.6±24.7 km³, corresponding to a glacierized area of 1792.9 km², respectively. This is equivalent to 96% 

of the total glacier area of the 1973 Swiss and 1969 Austrian inventory. 

3.1.2 Slope-based viscosity scaling 330 

The initial retreat-areas reconstruction (𝐻𝑆𝐼𝐴1970
𝑟𝑒𝑡𝑟𝑒𝑎𝑡 01) is based on the same input data as the reference thickness (𝐻𝑆𝐼𝐴1970

𝑖𝑛−𝑠𝑖𝑡𝑢) but 

instead of the in-situ observations, thickness values are extracted from deglacierized areas (section 2.4.4.). No temporal 

homogenization of the observations has to be applied because the ice thickness is directly derived for the state of the reference 

DEMs. Compared to the 𝐻𝑆𝐼𝐴1970
𝑖𝑛−𝑠𝑖𝑡𝑢  reconstruction, the 𝐻𝑆𝐼𝐴1970

𝑟𝑒𝑡𝑟𝑒𝑎𝑡 01  underestimates the total glacier volume (𝑉𝑆𝐼𝐴1970
𝑟𝑒𝑡𝑟𝑒𝑎𝑡 01 ) by 

approximately 40% (Tab.1) due to a strong negative bias of the estimated ice thickness (Fig.3b). The largest differences are 335 

found at the troughs of large valley glaciers where the observed ice thickness can be twice as high as the reconstructed thickness 

(Fig.1). These observations are very similar to the “low elevation bias” configuration used in ITMIX2. The participating 

models showed large deviations when the available thickness observations were limited to the low and thin glacier parts where 

the ice flux is most likely underestimated due to substantial thinning rates and downwasting of the glacier termini (Farinotti et 

al., 2021).  340 
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To estimate the bias in viscosity between 𝐻𝑆𝐼𝐴1970
𝑟𝑒𝑡𝑟𝑒𝑎𝑡 01 and 𝐻𝑆𝐼𝐴1970

𝑖𝑛−𝑠𝑖𝑡𝑢 , viscosity values are extracted at locations with in-situ 

observations (𝑛𝑐𝑎𝑙
𝑖𝑛−𝑠𝑖𝑡𝑢) where the ice thickness and viscosity is known.  Viscosity values are then aggregated within 2° slope 

bins to derive the ratio of 𝐻𝑆𝐼𝐴1970
𝑟𝑒𝑡𝑟𝑒𝑎𝑡 01 and 𝐻𝑆𝐼𝐴1970

𝑖𝑛−𝑠𝑖𝑡𝑢  viscosities (Fig.4). Average 𝐻𝑆𝐼𝐴1970
𝑟𝑒𝑡𝑟𝑒𝑎𝑡 01 viscosities are in general lower than 

𝐻𝑆𝐼𝐴1970
𝑖𝑛−𝑠𝑖𝑡𝑢  but the difference increases at slopes smaller than 25°. Using a linear regression, the slope-scaling parameters of Eq. 

(5) are ƴ𝜂
𝑠𝑙𝑜𝑝𝑒

= -0.08 and 𝛼𝜂
𝑡ℎ𝑟𝑒𝑠 = 43.75°. The total ice volume (𝑉𝑆𝐼𝐴1970

𝑟𝑒𝑡𝑟𝑒𝑎𝑡 02) is 122.5±24.5 km³ (Tab.1).  345 
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Figure 3: Differences between estimated ice thickness and observed ice thickness at locations of validation in-situ thickness 

measurements (𝐧𝐯𝐚𝐥
𝐢𝐧−𝐬𝐢𝐭𝐮 = 25753), root-mean-square-error (RMSE), standard deviation (Std.dev) and median difference (Median; 

all in metres) are stated in the lower right corner of each panel: a) reconstruction based on calibration (𝐧𝐜𝐚𝐥
𝐢𝐧−𝐬𝐢𝐭𝐮) in-situ thickness 

measurements ( 𝐇𝐒𝐈𝐀𝟏𝟗𝟕𝟎
𝐢𝐧−𝐬𝐢𝐭𝐮 ) b) reconstruction based on all glacier thickness observations from deglacierized (retreat) areas 350 

(𝐇𝐒𝐈𝐀𝟏𝟗𝟕𝟎
𝐫𝐞𝐭𝐫𝐞𝐚𝐭 𝟎𝟏), c) reconstruction based on all retreat observations and slope-based viscosity scaling (𝐇𝐒𝐈𝐀𝟏𝟗𝟕𝟎

𝐫𝐞𝐭𝐫𝐞𝐚𝐭 𝟎𝟐) and d) reconstruction 

based on all retreat observations and slope- as well as elevation-based viscosity scaling (𝐇𝐒𝐈𝐀𝟏𝟗𝟕𝟎
𝐫𝐞𝐭𝐫𝐞𝐚𝐭 𝟎𝟑).   
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Figure 4: Slope-dependent viscosity ratio of 𝐇𝐒𝐈𝐀𝟏𝟗𝟕𝟎
𝐢𝐧−𝐬𝐢𝐭𝐮  and 𝐇𝐒𝐈𝐀𝟏𝟗𝟕𝟎

𝐫𝐞𝐭𝐫𝐞𝐚𝐭 𝟎𝟏 at locations of in-situ observations. Magenta points denote mean 355 
viscosity ratio values aggregated within 2° slope bins on glacierized areas. The number of observations of each slope bin is shown as 

gray bars. The respective linear regression of the slope-derived viscosity ratio is shown as dotted line. Ratios of elevation bins with 

less than 100 observations are excluded from the analysis. Vertical error bars indicate the respective mean ratio ± one standard 

deviation. The slope threshold (𝜶𝜼
𝒕𝒉𝒓𝒆𝒔) is indicated as vertical black dotted line at 43.75°. 

 360 

3.1.3 Elevation-based viscosity scaling 

The total ice volume 𝑉𝑆𝐼𝐴1970
𝑟𝑒𝑡𝑟𝑒𝑎𝑡 02 is similar to 𝑉𝑆𝐼𝐴1970

𝑖𝑛−𝑠𝑖𝑡𝑢. However, the modelled ice thickness tends to overestimate the observed 

glacier thickness at high altitudes while the lower glacier parts continue to remain too thin (Fig.2c). The overestimation at high 

altitudes is likely caused by large firn and ice areas with small surface slope where the corrected viscosity is overestimated. 

Compared to 𝐻𝑆𝐼𝐴1970
𝑟𝑒𝑡𝑟𝑒𝑎𝑡 01 , the strong negative bias between estimated and observed ice thickness (Fig.3a) is reduced. 365 

Nevertheless, there is a remaining negative offset for glacier parts with an observed ice thickness of more than 300 m (Fig.3c). 

Fig.5 shows the mean viscosity ratio of 𝐻𝑆𝐼𝐴1970
𝑟𝑒𝑡𝑟𝑒𝑎𝑡 02 and 𝐻𝑆𝐼𝐴1970

𝑖𝑛−𝑠𝑖𝑡𝑢  versus the normalized glacier elevation range (section 2.5.1.). 

The ratio of 𝐻𝑆𝐼𝐴1970
𝑟𝑒𝑡𝑟𝑒𝑎𝑡 02 and 𝐻𝑆𝐼𝐴1970

𝑖𝑛−𝑠𝑖𝑡𝑢  is close to 1 at 0.5 – 0.6 normalized elevation, which is approximately equal to the glacier 

median elevation. Yet a distinct offset is noticeable at lowest and highest elevations where the 𝐻𝑆𝐼𝐴1970
𝑟𝑒𝑡𝑟𝑒𝑎𝑡 02 ice viscosity is 

under- and overestimated, respectively. To compensate this viscosity biases, ƴ𝜂
𝑒𝑙𝑒𝑣𝑎𝑡𝑖𝑜𝑛 = -2.14 and ℎ𝜂

𝑡ℎ𝑟𝑒𝑠 = 0.61 are applied 370 

based on the linear regression (Eq. (6)). 

As shown in Fig.3d, the deviation between observed and estimated ice thickness of thick glacier parts (> 300m ice thickness) 

further decreases after applying Eq. (6). However, the median difference of 𝐻𝑆𝐼𝐴1970
𝑟𝑒𝑡𝑟𝑒𝑎𝑡 03 between observed and estimated ice 
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thickness also increases by ~10 m compared to 𝐻𝑆𝐼𝐴1970
𝑟𝑒𝑡𝑟𝑒𝑎𝑡 02, indicating a slight overestimation of the ice thickness by Eq. (6). 

The reconstructed total glacier volumes of the different reconstruction steps are shown in Tab.1. While there is little difference 375 

in the modelled glacier volume of 𝐻𝑆𝐼𝐴1970
𝑟𝑒𝑡𝑟𝑒𝑎𝑡 03  and 𝐻𝑆𝐼𝐴1970

𝑖𝑛−𝑠𝑖𝑡𝑢  (~2%), the inclusion of the elevation-based scaling further 

improves the spatial thickness distribution (Fig.2d). 

 

 

Figure 5: Elevation-dependent viscosity ratio of 𝐇𝐒𝐈𝐀𝟏𝟗𝟕𝟎
𝐢𝐧−𝐬𝐢𝐭𝐮  and 𝐇𝐒𝐈𝐀𝟏𝟗𝟕𝟎

𝐫𝐞𝐭𝐫𝐞𝐚𝐭 𝟎𝟐  reconstruction at locations of in-situ observations. 380 
Elevations have been normalized for each glacier with 0.0 being the minimum and 1.0 the maximum glacier height. Magenta points 

denote mean viscosity ratio values aggregated within 0.05 normalized elevation bins on glacierized areas. The number of 

observations of each bin is shown as gray bars. The respective linear regression of the elevation-derived viscosity ratio is shown as 

dotted line. Ratios of elevation bins with less than 100 observations are excluded from the analysis. Vertical error bars indicate the 

respective mean ratio ± one standard deviation. The elevation threshold (𝒉𝜼
𝒕𝒉𝒓𝒆𝒔) is indicated as vertical black dotted line at 0.61 385 

normalized glacier elevation.  

3.2 2003 alpine-wide ice thickness reconstruction 

ξ𝜂
𝑠𝑙𝑜𝑝𝑒

 and ξ𝜂
𝑒𝑙𝑒𝑣𝑎𝑡𝑖𝑜𝑛 are transferred to the early 21st century and the ice thickness of all Alpine glaciers is estimated based on 

the observation period 2000-2014. The estimated ice volume of 𝐻𝑆𝐼𝐴2003
𝑖𝑛−𝑠𝑖𝑡𝑢 & 𝑟𝑒𝑡𝑟𝑒𝑎𝑡  is 124.8±23.5 km³. The volume of 𝐻𝑆𝐼𝐴2003

𝑟𝑒𝑡𝑟𝑒𝑎𝑡  

(134.2±40.3 km³) is relatively similar but ~7% higher, mainly due a likely overestimation of the glacier volume in the Austrian 390 

Alps (Tab.1).  

In the following sections, these reconstructions are used to validate the estimated ice volumes against previous studies on 

Alpine glacier volumes (section 4.1) and compare the glacier-specific mean ice thickness of larger Alpine glaciers (section 

4.2).   

 395 
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Table 1: Overview of experimental setups for the reconstruction dates ‘1970’ (Swiss & Austrian Alps) and ‘2003’ (entire Alps) and 

estimated glacier volumes. 𝐧𝐨𝐛𝐬
𝐢𝐧−𝐬𝐢𝐭𝐮  and 𝐧𝐨𝐛𝐬

𝐫𝐞𝐭𝐫𝐞𝐚𝐭  indicate the number of thickness measurements from field surveys and DEM-

differencing used in the respective experimental setup. Slope- and elevation-based viscosity scaling factors are given as 𝛏𝛈
𝐬𝐥𝐨𝐩𝐞

 and 

𝛏𝛈
𝐞𝐥𝐞𝐯𝐚𝐭𝐢𝐨𝐧. Glacier areas refer to 1(Müller et al., 1976), 2(Patzelt, 1980) & 3(Paul et al., 2011)  

*Available in-situ thickness measurements in the Swiss & Austrian Alps were selected by a circular buffer with 30m distance and 400 
randomly grouped into two subsets.    

**The total volume of glaciers in CH/AT was reconstructed from all available thickness measurements while  

ƴ𝛈
𝐬𝐥𝐨𝐩𝐞

and ƴ𝛈
𝐞𝐥𝐞𝐯𝐚𝐭𝐢𝐨𝐧 were derived from ~50% of all in-situ thickness measurements.  

***Note that ‘1970’ & ‘2003’ glacier volumes of the Swiss and Austrian Alps are based on glacier inventories with large differences 

in glacierized areas due to methodological differences in the delineation and interpretation of glacier extents (see section 4.1).   405 

Experimental 

setup 

Reconstruction 

date 
Regions 

Glacier 

area 

[km²] 

𝒏𝒐𝒃𝒔
𝒊𝒏−𝒔𝒊𝒕𝒖 𝒏𝒐𝒃𝒔

𝒓𝒆𝒕𝒓𝒆𝒂𝒕 𝝃𝑩
𝒔𝒍𝒐𝒑𝒆

 𝝃𝑩
𝒆𝒍𝒆𝒗𝒂𝒕𝒊𝒐𝒏 VSIA [km³] 

𝐻𝑆𝐼𝐴1970
𝑖𝑛−𝑠𝑖𝑡𝑢  

‘1970‘ 
CH / 

AT*** 
1792.91,2 

24677 / 

25753  
- - - 

121.64±24.

7** 

𝐻𝑆𝐼𝐴1970
𝑟𝑒𝑡𝑟𝑒𝑎𝑡 01 - 

141482 

- - 72.2±19.1 

𝐻𝑆𝐼𝐴1970
𝑟𝑒𝑡𝑟𝑒𝑎𝑡 02 - ƴ𝜂

𝑠𝑙𝑜𝑝𝑒
 - 122.5±24.5 

𝐻𝑆𝐼𝐴1970
𝑟𝑒𝑡𝑟𝑒𝑎𝑡 03 - ƴ𝜂

𝑠𝑙𝑜𝑝𝑒
 ƴ𝜂

𝑒𝑙𝑒𝑣𝑎𝑡𝑖𝑜𝑛 125.8±24.2 

𝐻𝑆𝐼𝐴2003
𝑟𝑒𝑡𝑟𝑒𝑎𝑡  

‘2003‘ 

Alps 1997.63 

- 

69022 ƴ𝜂
𝑠𝑙𝑜𝑝𝑒

 ƴ𝜂
𝑒𝑙𝑒𝑣𝑎𝑡𝑖𝑜𝑛 

134.2±40.3 

𝐻𝑆𝐼𝐴2003
𝑖𝑛−𝑠𝑖𝑡𝑢 & 𝑟𝑒𝑡𝑟𝑒𝑎𝑡  53952 

124.8±23.5 

FR 195.5 
13.5±1.4 

 

CH*** 1022.6 
78.6±13.8 

 

AT*** 355.9 
13.3±3.8 

 

IT 416.4 
19.4±4.5 
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4 Discussion 

4.1 Glacier volume comparison 

The total ‘1970’ ice volumes of the Swiss and Austrian Alps derived by this study are 𝐻1970
𝑖𝑛−𝑠𝑖𝑡𝑢 = 121.6±24.7 km3 or 𝐻1970

𝑟𝑒𝑡𝑟𝑒𝑎𝑡 03 

= 125.8±24.2 km3 (Tab.1). For the 1973 Swiss glacier inventory, the estimated volume is 𝑉1970
𝑖𝑛−𝑠𝑖𝑡𝑢  = 97.7±18.9 km3 or 410 

𝑉1970
𝑟𝑒𝑡𝑟𝑒𝑎𝑡 03  = 99.5±16.9 km3. Earlier estimates based on the same glacier area data, are available from a number of studies. 

(Müller et al., 1976) and (Maisch et al., 2000) reported values of 67 km3 and 74 km3 using empirical relationships between 

glacier area and mean ice thickness. An ice volume of 75±22 km3 was estimated by (Linsbauer et al., 2012) from a subset of 

glaciers with thickness observations and modeled ice thickness. Based on temporal extrapolation, an ice volume of 94.0±10.9 

km3 for the year 1973 was reported (Grab et al., 2021). While the ice volumes of the earlier studies (Müller et al., 1976; Maisch 415 

et al., 2000) are substantially lower than our estimate (~30-40%), good agreement is found with the estimate of the recent study 

by (Grab et al., 2021) which supports their observation of an underestimation of 1970s glacier volumes by older studies using 

glacier area to volume scaling. For the estimate by (Linsbauer et al., 2012), their ice volume is also ~25% lower than this study 

yet the error bars overlap. For the Austrian Alps, our estimated ice volume is 𝑉1970
𝑖𝑛−𝑠𝑖𝑡𝑢 = 23.9±5.8 km3 or 𝑉1970

𝑟𝑒𝑡𝑟𝑒𝑎𝑡 03 = 25.4±7.3 

km3 based on the 1969 glacier outlines. A ~10% lower ice volume (22.3 km3) for the same year was calculated by (Helfricht 420 

et al., 2019) from a subset of thickness observations and a calibrated thickness model. 

For the entire Alps, our estimated ice volume of the year ‘2003’ is 124.8±23.5 km³ (𝐻𝑆𝐼𝐴2003
𝑖𝑛−𝑠𝑖𝑡𝑢 & 𝑟𝑒𝑡𝑟𝑒𝑎𝑡 ;  𝐻𝑆𝐼𝐴2003

𝑟𝑒𝑡𝑟𝑒𝑎𝑡  = 134.2±40.3 

km³). Glacier volumes of the early 21st century were also reported for the entire Alps (Farinotti et al., 2019a; Millan et al., 

2022), the Swiss Alps (Farinotti et al., 2009; Linsbauer et al., 2012; Grab et al., 2021) and Austrian Alps (Helfricht et al., 

2019). An alpine-wide glacier volume of 130±30 km³ was calculated as consensus estimate from an ensemble of up to five 425 

models (Farinotti et al., 2019a) which is close to our estimate. A variant of the reconstruction approach (Fürst et al., 2017), 

used here, also contributed to the consensus estimate. At the time, thickness observations were limited to GlaThiDa2.01 

(Gärtner-Roer et al., 2014; Farinotti et al., 2019a) and thereby ignored the most recent and comprehensive measurements in 

Switzerland (Grab et al., 2021). An ice volume of 120±50.0 km³ (2017-2018) for the European Alps and Pyrenees was derived 

by a recent global study (Millan et al., 2022), based on flow velocity data, which is less than the consensus estimate results 430 

and the 2003 glacier volume of this study.  

For Swiss glaciers, ice volumes of 74.9±9 km3 (Farinotti et al., 2009), 65±20 km3 (Linsbauer et al., 2012) and 77.2±4.6 km3 

(Grab et al., 2021) have been estimated for the beginning of the 21st century. The 2000 Swiss ice volume reconstructed from 

all available thickness observations (𝐻2003
𝑖𝑛−𝑠𝑖𝑡𝑢 & 𝑟𝑒𝑡𝑟𝑒𝑎𝑡) of this study is 78.6±13.8 km³ which is ~20% higher than the estimate 

by (Linsbauer et al., 2012) but close to the glacier volume by (Farinotti et al., 2009) and (Grab et al., 2021). Nevertheless, the 435 

error bars of all estimates overlap. Regarding glaciers of the Austrian Alps, the estimated ice volume of 13.3±3.8 km3 (‘2003’) 

is lower than the value by (Helfricht et al., 2019) for the year 1998 (19.7 km3). It is noteworthy that the glacierized areas of 

the estimates by (Farinotti et al., 2009; Linsbauer et al., 2012; Helfricht et al., 2019; Grab et al., 2021) and this study vary as 

those studies used the respective regional glacier inventories of the Swiss and Austrian Alps. Differences in the delineation of 
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glacier areas arise from the applied datasets and interpretation of glacier areas. Particularly for the Austrian Alps, large 440 

differences in regional glacier extents can be observed between the RGI glacier areas used in this study (Paul et al., 2011) and 

the Austrian glacier inventories GI2 and GI3 (Lambrecht and Kuhn, 2007; Fischer et al., 2015a). Spatial differences in the 

delineation of glacier outlines appear to be mostly connected to small- and medium-sized glaciers and might be, at least 

partially, explained by the integration of perennial snowfields in the Austrian inventories as described by previous studies 

(Lambrecht and Kuhn, 2007; Paul et al., 2011). Therefore, a direct comparison of the GI2 and RGI glacier areas is difficult as 445 

reported by previous studies (Paul et al., 2011; Fischer et al., 2015a). In addition, the RGI glacier area attributed to the Austrian 

Alps by this study is further reduced as we masked all glacierized areas to the Austrian country border in order to derive the 

specific glacier volumes of each Alpine country (Table 1). We assume that the large differences in glacier volume for the early 

21st century by this study and Helfricht et al. (2019) are related to the substantial differences in glacier area of the used 

inventories. 450 

Assessing the difference in Austrian glacier volumes for 1969 by this and a previous study (Helfricht et al., 2019) is more 

complex since both studies are based on the same glacier inventory. Between 1969 and 1998, a volume change of -4.9 km³ 

was measured by Lambrecht and Kuhn (2007) based on DEM-differencing. For the very similar observation period 1969-2000 

we derive a volume change rate of -0.21±0.04 km³a-1 from the input DEMs (SRTM – DHM69) used in this study (section 

2.4.1) which results in a more negative total volume change of -6.0±1.1 km³ for the reference period 1969-1998, which might 455 

be related to a negative elevation bias in the SRTM DEM at high altitudes (e.g. Berthier et al., 2006). Therefore, a potential 

explanation for the higher 1969 glacier volume in this study might be an overestimation of the surface elevation changes, and 

thus mass loss, of Austrian glaciers since 1969. 

4.2 Reconstructed ice thickness distribution 

To evaluate the ice thickness distribution of the 𝐻𝑆𝐼𝐴2003
𝑟𝑒𝑡𝑟𝑒𝑎𝑡  reconstruction, the estimated ice thickness maps are directly 460 

compared to previous reconstructions of the 21st century glacier volume of the European Alps.  

A comparison of previous ice thickness reconstructions based on different reconstruction approaches (Farinotti et al., 2019a; 

Helfricht et al., 2019; Grab et al., 2021; Millan et al., 2022) is shown in Fig.6 & Fig.S3 for Grosser Aletsch (Fig.6a-e) and 

Pasterze (Fig.6f-j). While the 𝐻𝑆𝐼𝐴2003
𝑖𝑛−𝑠𝑖𝑡𝑢 & 𝑟𝑒𝑡𝑟𝑒𝑎𝑡  ice thickness maps are relatively similar to the other in-situ observations based 

reconstructions, the estimated ice volume of the 𝐻𝑆𝐼𝐴2003
𝑟𝑒𝑡𝑟𝑒𝑎𝑡  reconstruction is spread more evenly across the entire glacier domain, 465 

i.e. there is a tendency to overestimate or underestimate the thickness of thin and thick glacier parts, respectively. This is 

particularly noticeable in the upper areas of the Grosser Aletsch (Fig.6b). Occasionally, we find spuriously large values in 

certain confined areas, for instance in the upper part of Pasterze (Fig.6g). In contrast, glacier parts with very high ice thickness 

are often underestimated by the 𝐻𝑆𝐼𝐴2003
𝑟𝑒𝑡𝑟𝑒𝑎𝑡  reconstruction such as Konkordiaplatz of the Grosser Aletsch (Fig.6b). 

For a direct assessment of glacier-specific mean ice thickness, we refer to a comparison between published ice thickness maps 470 

of prominent Alpine glaciers (Farinotti et al., 2019a; Helfricht et al., 2019; Grab et al., 2021; Millan et al., 2022) and this study 

(Fig.7). For the comparison of mean glacier thicknesses, we use the respective glacier elevation change rates (section 2.4.2) to 
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reduce temporal differences between the datasets. The reason is that previous glacier thickness maps refer to the years 2016-

18 (Grab et al., 2021; Millan et al., 2022) and 2006 (Helfricht et al., 2019). Nevertheless, both values, the originally published 

and temporally extrapolated mean ice thickness of each study, are shown in Fig.7. In general, the mean 𝐻𝑆𝐼𝐴2003
𝑖𝑛−𝑠𝑖𝑡𝑢 & 𝑟𝑒𝑡𝑟𝑒𝑎𝑡  and 475 

𝐻𝑆𝐼𝐴2003
𝑟𝑒𝑡𝑟𝑒𝑎𝑡  ice thickness of most glaciers is similar as previously reported values. However, in some cases, the 𝐻𝑆𝐼𝐴2003

𝑟𝑒𝑡𝑟𝑒𝑎𝑡  

reconstruction deviates more from the mean glacier thickness found by other studies. Particularly for Adamello and Trift 

glacier, the mean ice thickness of the 𝐻𝑆𝐼𝐴2003
𝑟𝑒𝑡𝑟𝑒𝑎𝑡  reconstruction is substantially lower or higher. 

Point-specific offsets between in-situ measurements of ice thickness and reconstructed glacier thickness are shown in Fig.8. 

Fig.8a,b refer to previously published alpine-wide ice thickness maps (Farinotti et al. (2019) and Millan et al. (2022). 480 

Differences between estimated and observed ice thickness in Fig.8a,b are derived from all in-situ observations (GlaThiDa; 

Grab et al 2021). Note that for 𝐻𝑆𝐼𝐴2003
𝑟𝑒𝑡𝑟𝑒𝑎𝑡  differences are only computed on glaciers for which thickness measurements were 

ignored in the calibration (Fig.8c). These first three approaches have all been regionally calibrated in the Alps and do not 

necessarily reproduce local thickness observations. In this sense, a direct comparison is reasonable. The root-mean-square-

errors (RMSE) of local thickness are 55 m and 74 m for the datasets by (Farinotti et al., 2019a) and (Millan et al., 2022), while 485 

both studies indicate a general underestimation (26 m and 33 m median deviation, respectively). Thickness differences of the 

𝐻𝑆𝐼𝐴2003
𝑟𝑒𝑡𝑟𝑒𝑎𝑡  reconstruction indicate no obvious trend of an over- or underestimation of ice thickness for most glacier parts and the 

median difference is significantly reduced with respect to the previous reconstructions. Concerning the standard deviation, the 

𝐻𝑆𝐼𝐴2003
𝑟𝑒𝑡𝑟𝑒𝑎𝑡  results are similar to both Farinotti et al. (2019a) and Millan et al. (2022). 

Additionally, the ability of the applied reconstruction to reproduce available thickness observations is demonstrated in Fig.8d. 490 

The underlying model by Fürst et al. (2017) is specifically constructed with a focus on the integration and reproduction of 

observed ice thicknesses. In this context, there are no indications of a systematic bias in ice thickness, introduced by the 

viscosity scaling approach and the retreat observations. Remaining deviations of about 10m are likely associated to the 

posteriori interpolation of the thickness map to the measurement locations, which is required for this comparison. 

In summary, the 𝐻𝑆𝐼𝐴2003
𝑟𝑒𝑡𝑟𝑒𝑎𝑡  ice thickness distribution appears to be smoother than reconstructions including in-situ 495 

measurements (𝐻𝑆𝐼𝐴2003
𝑖𝑛−𝑠𝑖𝑡𝑢 & 𝑟𝑒𝑡𝑟𝑒𝑎𝑡). This implies larger local uncertainties. To a certain degree, this has to be expected as the 

ice thickness of the inner glacier parts is naturally better constrained if respective field surveys are available. For the viscosity-

scaling based reconstruction in contrast, the ice thickness of the inner glacier parts is widely unknown and has to be estimated 

exclusively from the viscosity correction parameters. Depending on the specific glacier morphology, this can result in large 

local uncertainties (Fig.6,7). Particularly, topographic characteristics of the glacier bedrock, such as overdeepenings or cirque 500 

thresholds, are challenging to reproduce when there are no direct observations of the thick glacier parts. 
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 505 

Figure 6: Reconstructed ice thickness (𝐇𝐒𝐈𝐀𝟐𝟎𝟎𝟑
𝐢𝐧−𝐬𝐢𝐭𝐮 & 𝐫𝐞𝐭𝐫𝐞𝐚𝐭) of glaciers in the European Alps (‘2003’): I) Mont Blanc Group, Pennine & 

Bernese Alps, II) Ötztal & Stubai Alps, III) Zillertal Alps, Venediger & Glockner Group, IV) Silvretta Alps and comparison of ice 

thickness distribution of Aletsch (CH) (a-e) and Pasterze Glacier (AT) (f-j) by this study and previously published reference ice 

thickness maps. Panel (a,f) and (b,g) show the distributed glacier thickness as estimated by the 𝐇𝐒𝐈𝐀𝟐𝟎𝟎𝟑
𝐢𝐧−𝐬𝐢𝐭𝐮 & 𝐫𝐞𝐭𝐫𝐞𝐚𝐭   and 𝐇𝐒𝐈𝐀𝟐𝟎𝟎𝟑

𝐫𝐞𝐭𝐫𝐞𝐚𝐭  

reconstructions, respectively while panels (c-e & h-j) indicate vertical differences in reconstructed ice thickness between 𝐇𝐒𝐈𝐀𝟐𝟎𝟎𝟑
𝐫𝐞𝐭𝐫𝐞𝐚𝐭  510 

(b,g) and Farinotti et al., 2019a) (c,h), (Grab et al., 2021) (d), Helfricht et al 2019 (i) and (Millan et al., 2022) (e,j). The ice thickness 

maps by Farinotti et al. (2019a) refer to the results of the multi-model ensemble of ITMIX. The modeled ice thickness of Grosser 

Aletsch (Grab et al. 2021) and Pasterze (Helfricht el al. 2019) are constrained by in-situ measurements. Millan et al. (2022) uses 

glacier flow velocities from remote sensing data to derive the ice thickness distribution. (Background: SRTM hillshade).  
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Figure 7: Mean ice thickness of large Alpine glaciers (> 10 km²) estimated by this study and previous reconstructions (Farinotti et 

al., 2019a; Helfricht et al., 2019; Grab et al., 2021; Millan et al., 2022). Red dots and brown triangles indicate the mean 

𝐇𝐒𝐈𝐀𝟐𝟎𝟎𝟑
𝐢𝐧−𝐬𝐢𝐭𝐮 & 𝐫𝐞𝐭𝐫𝐞𝐚𝐭  and 𝐇𝐒𝐈𝐀𝟐𝟎𝟎𝟑

𝐫𝐞𝐭𝐫𝐞𝐚𝐭  glacier thickness of this study. The reconstructions by (Helfricht et al., 2019), (Grab et al., 2021) and 

(Millan et al., 2022) refer to the years 2006, 2016 and 2017-18, respectively. Therefore, hollow symbols represent the original mean 520 
value derived from the published ice thickness maps while filled symbols show the mean glacier thickness temporally extrapolated 

to the year 2000. *For glaciers without in-situ observations, only the 𝐇𝐒𝐈𝐀𝟐𝟎𝟎𝟑
𝐫𝐞𝐭𝐫𝐞𝐚𝐭  reconstruction is shown. 
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 525 

Figure 8: Difference between in-situ observed and estimated (2000) local ice thickness, root-mean-square-error (RMSE), standard 

deviation (Std.dev) and median difference (Median; all in metres) are stated in the lower right corner of each panel: Panel a) & b) 

refer to published ice thickness maps by Farinotti et al. (2019a) and Millan et al. (2022). Differences between estimated and observed 

ice thickness are derived from all available in-situ measurements (GlaThiDa; Grab et al. 2021). Deviations in ice thickness of the 

𝐇𝐒𝐈𝐀𝟐𝟎𝟎𝟑
𝐫𝐞𝐭𝐫𝐞𝐚𝐭  reconstruction of this study are shown in c). Note that in-situ observations from glaciers used to derive the viscosity scaling 530 

factors (section 2.5) are excluded from the comparison. Panel d) indicates the ice thickness distribution based on all available in-situ 

and retreat observations as well as the viscosity scaling factors (𝐇𝐒𝐈𝐀𝟐𝟎𝟎𝟑
𝐢𝐧−𝐬𝐢𝐭𝐮 & 𝐫𝐞𝐭𝐫𝐞𝐚𝐭). Note the logarithmic scaling of the thickness 

observations distribution. Darkblue areas indicate hexbins with more than 200 thickness measurement locations. 
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4.3 Uncertainty of viscosity scaling and retreat thickness 

Similar as the findings of ITMIX2, a substantial underestimation of the glacier volume was found when relying solely on 535 

thickness observations from the lower and thin glacier parts. The presented viscosity scaling approach reproduces the 

regionwide glacier volume and thickness distribution well yet there are larger uncertainties in the glacier-specific ice thickness 

distribution.  

Assuming the SIA, the ice thickness is derived from the glacier-wide flux field (Eq. (3)) while the ice viscosity is initially 

unknown. The viscosity is estimated at locations with thickness observations and subsequently interpolated across the entire 540 

glacier domain. For the 𝐻𝑆𝐼𝐴1970
𝑟𝑒𝑡𝑟𝑒𝑎𝑡  reconstructions, the interpolated viscosity field is in general lower than the 𝐻𝑆𝐼𝐴1970

𝑖𝑛−𝑠𝑖𝑡𝑢  viscosity 

field as the used observations exclusively represent the relatively thin glacier margins with low viscosity values. Conversely, 

the 𝐻𝑆𝐼𝐴1970
𝑖𝑛−𝑠𝑖𝑡𝑢  viscosity distribution is derived from thickness observations of the inner glacier parts with higher viscosity values, 

resulting in an overall higher ice thickness. To account for this generic limitation of the glacier margin-based viscosity 

interpolation, the 𝐻𝑆𝐼𝐴1970
𝑟𝑒𝑡𝑟𝑒𝑎𝑡  ice viscosities have to be corrected before the final ice flux is calculated. 545 

The initial slope-dependent viscosity correction (ξ𝜂
𝑠𝑙𝑜𝑝𝑒

) shows a tendency of overestimating the ice thickness at high 

elevations. This pattern can be directly observed in the ice thickness maps (Fig.5 & 6). This is likely caused by the relatively 

large and flat accumulation areas of some Alpine glaciers where a high correction factor is applied to the ice flux. A very 

prominent example for such a significant overestimation of the actual ice thickness by the 𝐻𝑆𝐼𝐴2003
𝑟𝑒𝑡𝑟𝑒𝑎𝑡  reconstruction can be 

observed at the Pasterze in Fig.6f & g. For the large and mostly flat upper part of Pasterze, high viscosity values are estimated 550 

by the regionally calibrated slope-dependent correction. Without direct thickness measurements, it is very difficult to avoid 

these local biases. To compensate for this overestimation of ice thickness, the additional elevation-dependent scaling 

(ξ𝜂
𝑒𝑙𝑒𝑣𝑎𝑡𝑖𝑜𝑛) reduces the correction factor in the upper glacier parts and vice versa. However, the ξ𝜂

𝑒𝑙𝑒𝑣𝑎𝑡𝑖𝑜𝑛 correction, which is 

based on the normalized glacier elevation range, can be biased when applied to large consecutive glacier areas. For instance, 

in the case of the Jungfrau-Aletsch Glacier area (Fig.1) the ice flux correction of the smaller glaciers is biased by the 555 

asymmetric distribution of the vertical extents of the individual glaciers. While the overall elevation range of this consecutive 

glacier area is determined by the terminus and high firn areas of the Grosser Aletsch, the adjacent glaciers (e.g. 

Oberaletschgletscher) have a much smaller vertical extent. This can result in rather high or low ξ𝜂
𝑒𝑙𝑒𝑣𝑎𝑡𝑖𝑜𝑛 correction factors 

depending on the vertical extent of the glacier in relation to the entire glacierized area. Another source of uncertainty can be 

an indeterminate separation between glacier ice and perennial snow as frequently found at high altitudes. In those cases, high 560 

thickness values are modeled on adjacent snow areas with small slopes and the normalized elevation range, which is used for 

the second correction step, can be shifted upwards resulting in rather thick accumulation areas.  

In addition, it should be noted that the derived retreat thickness observations can be somewhat biased by terrain elevation 

changes in the glacier foreland, such as erosion and sedimentation, after the deglaciation. To reduce potential biases due to 

“unstable” height change measurements on glacier retreat areas, we exclude observations which are close (< 30 m) to either 565 

the past or present glacier outline and apply a slope threshold (25°). However, based on the available DEM-differences, it is 
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not possible to differentiate between height changes prior to or after the deglaciation of the glacier foreland. Therefore, we 

cannot completely avoid uncertainties of the extracted retreat thickness due to geomorphological processes.  

All in all, the glacier-specific accuracy of the correction parameters and retreat thickness information can be somewhat 

influenced by the quality of the glacier inventory or the geometries of nearby glaciers. The approach is most favourable in 570 

cases where no or only a small sample of direct thickness observations is available. With the increasing number of satellite 

remote sensing data, the accuracy of the estimated ice thickness distribution can be improved by new high-resolution glacier 

inventories or elevation change measurements. Eventually, the presented approach could be most beneficial in regions with 

large glacierized areas and sparse thickness observations where the glacier volume has to be inferred mostly from remote 

sensing information. However, another potential source of uncertainty, regarding the transferability of the presented correction 575 

terms to glacierized areas outside the European Alps, results from the varying regional glacier morphologies in terms of size 

composition and elevation range. While the found empirical relations between ice viscosity and glacier surface topography 

have been applied to a different observation period and larger study region (𝐻𝑆𝐼𝐴2003
𝑟𝑒𝑡𝑟𝑒𝑎𝑡 ), we expect that the scaling functions are 

to some degree related to the geometries and size distribution of glaciers in the Swiss and Austrian Alps. In the European Alps, 

this uncertainty cannot be avoided because the overall distribution of a large number of small to medium-sized cirque glaciers 580 

with few large valley glaciers remains unchanged between 𝐻𝑆𝐼𝐴1970
𝑟𝑒𝑡𝑟𝑒𝑎𝑡  and 𝐻𝑆𝐼𝐴2003

𝑟𝑒𝑡𝑟𝑒𝑎𝑡 , despite the substantial reduction in 

glacierized area since the 1970s. Further, the presented relations might be linked to the geographic environment of the 

European Alps as glacier changes are connected to the surrounding topography and climatic conditions (Abermann et al., 

2011). To quantify these relations between the Alpine topography, glacier geometries and the derived scaling parameters and 

examine the transferability, it would be mandatory to extend the presented analysis to another glacierized region with different 585 

glacier morphology, such as marine- and lake-terminating glaciers, as well as different climatic settings, which is beyond the 

scope of this work. 

5 Conclusions 

We present a topography-based scaling approach to estimate regionwide glacier volumes from retreat thickness observations 

derived from remote sensing acquisitions. The method is based on an empirical relationship between in-situ observed and 590 

modelled ice thickness distributions of Alpine glaciers. Firstly, a slope-dependent correction is applied to compensate for a 

general bias in the estimated ice volume due to the spatial distribution of retreat thickness observations. Secondly, an elevation-

based correction is required to constrain the ice thickness distribution over the vertical glacier extent. It is shown that the 

applied viscosity corrections are able to provide a robust estimation of regionwide glacier volumes. Moreover, the empirical 

scaling relations improve the distribution of the ice-thickness over the drainage basin. Compared to previous reconstructions 595 

and in-situ measurements of ice thickness, the median deviation between observed and modelled glacier thickness is 

significantly reduced (-6.3 m) whereas the root-mean-square error (60.8 m) and standard deviation (39.5 m) are similar. Yet, 
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we still notice a tendency for thickness underestimation along the lower trunks and an overestimation at high altitudes where 

the topography is gently-sloping. 

We provide additional ice thickness maps for ‘1970’ (Swiss & Austrian Alps) and ‘2003’ (Alps) which are derived from all 600 

available in-situ thickness measurements and retreat thickness values from DEM-differencing. The hereby reconstructed ice 

volume of the 21st century for the RGI version 6 glacier area is 126.1±23.5 km³ (‘2003’) for the entire Alps. For glaciers of the 

Swiss and Austrian Alps, the ice volume was 121.6±24.7 km³ in ‘1970’ based on glacierized areas of the SGI1973 and GI1. 

The reconstruction approach shown in this study has the potential to constrain estimates of the ice thickness distribution in 

regions without direct observations of glacier thickness. Nevertheless, there is still room for improvements regarding the spatial 605 

distribution of estimated ice thicknesses. Particularly, the second elevation-based viscosity correction does not completely 

compensate for hypsometric biases in local ice thickness distribution in the case of certain glacier geometries. Furthermore, 

while the extraction of retreat ice thickness information from deglacierized areas is relatively straightforward in most mountain 

regions, the transferability of the viscosity scaling factors derived from Alpine glaciers to other unsurveyed mountain regions 

needs to be assessed. Therefore, future work will have to address the applicability of the presented approach in regions with 610 

different glacier geometries and climatic settings, such as the South American Andes or High Mountain Asia. 

 

 

 

 615 

 

 

 

 

 620 

 

 

 

 

 625 

 

 

 

 

 630 

 



27 

 

Acknowledgements 

This research was financially supported within the DFG Priority Program “Regional Sea Level Rise and Society” by the grant 

no. BR2105/14-2. J. Fürst has received funding from the European Union’s Horizon 2020 research and innovation programme 

via the European Research Council (ERC) as a Starting Grant (StG) under grant agreement No 948290. We would like to thank 635 

M. Stocker-Waldhuber and M. Kuhn who provided access to the DHM69 dataset. The original version of the DHM25lvl1 was 

made available by swisstopo. TanDEM-X data were kindly provided free of charge by the German Aerospace Center (DLR) 

under AO mabra_XTI_GLAC0264. Further, we would like to thank the GlaThiDa consortium (GlaThiDa Consortium, 2020) 

and M. Grab and co-authors (SwissGlacierThickness-R2020 https://doi.org/10.3929/ethz-b-000434697; Grab et al., (2021)) 

for making the unique database of in-situ observations of glaciers in the European Alps publicly available. The authors 640 

gratefully acknowledge the scientific support and HPC resources provided by the Erlangen National High Performance 

Computing Center (NHR@FAU) of the Friedrich-Alexander-Universität Erlangen-Nürnberg (FAU). NHR funding is provided 

by federal and Bavarian state authorities. NHR@FAU hardware is partially funded by the German Research Foundation (DFG) 

– 440719683. 

 645 

Disclaimer 

The presented content only reflects the authors’ views and the European Research Council Executive Agency is not responsible 

for any use that may be made of the information it contains. 

 

Author contributions 650 

CS derived the glacier volume scaling factors, prepared all input datasets and wrote the manuscript. The applied ice thickness 

model was developed by JF. MH provided the surface mass balance data and aided with the experimental setup and 

interpretation of results. JF and MHB initiated and led the study. All authors revised the paper. 

 

 655 

 

 

 

 

 660 

 

 

 

 



28 

 

References 665 

Abermann, J., Kuhn, M., and Fischer, A.: Climatic controls of glacier distribution and glacier changes in Austria, Ann. Glaciol., 

52, 83–90, https://doi.org/10.3189/172756411799096222, 2011. 

Anon: DHM25 Das digitale Höhenmodell der Schweiz, 15, 2005. 

Berthier, E., Arnaud, Y., Vincent, C., and Rémy, F.: Biases of SRTM in high-mountain areas: Implications for the monitoring 

of glacier volume changes, Geophys. Res. Lett., 33, L08502, https://doi.org/10.1029/2006GL025862, 2006. 670 

Braun, M. H., Malz, P., Sommer, C., Farías-Barahona, D., Sauter, T., Casassa, G., Soruco, A., Skvarca, P., and Seehaus, T. 

C.: Constraining glacier elevation and mass changes in South America, Nat. Clim. Change, 9, 130–136, 

https://doi.org/10.1038/s41558-018-0375-7, 2019. 

Buckel, J., Otto, J. C., Prasicek, G., and Keuschnig, M.: Glacial lakes in Austria - Distribution and formation since the Little 

Ice Age, Glob. Planet. Change, 164, 39–51, https://doi.org/10.1016/j.gloplacha.2018.03.003, 2018. 675 

Carrivick, J. L., Davies, B. J., James, W. H. M., Quincey, D. J., and Glasser, N. F.: Distributed ice thickness and glacier volume 

in southern South America, Glob. Planet. Change, 146, 122–132, https://doi.org/10.1016/j.gloplacha.2016.09.010, 2016. 

Cornes, R. C., van der Schrier, G., van den Besselaar, E. J. M., and Jones, P. D.: An Ensemble Version of the E-OBS 

Temperature and Precipitation Data Sets, J. Geophys. Res. Atmospheres, 123, 9391–9409, 

https://doi.org/10.1029/2017JD028200, 2018. 680 

Cuffey, K. and Paterson, W.: The Physics of Glaciers, Butterworth-Heinemann publications, Elsevier, Oxford, UK, 2010. 

Ehrbar, D., Schmocker, L., Vetsch, D., and Boes, R.: Hydropower Potential in the Periglacial Environment of Switzerland 

under Climate Change, Sustainability, 10, 2794, https://doi.org/10.3390/su10082794, 2018. 

Farinotti, D., Huss, M., Bauder, A., and Funk, M.: An estimate of the glacier ice volume in the Swiss Alps, Glob. Planet. 

Change, 68, 225–231, https://doi.org/10.1016/j.gloplacha.2009.05.004, 2009. 685 

Farinotti, D., Brinkerhoff, D. J., Clarke, G. K. C., Fürst, J. J., Frey, H., Gantayat, P., Gillet-Chaulet, F., Girard, C., Huss, M., 

Leclercq, P. W., Linsbauer, A., Machguth, H., Martin, C., Maussion, F., Morlighem, M., Mosbeux, C., Pandit, A., Portmann, 

A., Rabatel, A., Ramsankaran, R., Reerink, T. J., Sanchez, O., Stentoft, P. A., Singh Kumari, S., van Pelt, W. J. J., Anderson, 

B., Benham, T., Binder, D., Dowdeswell, J. A., Fischer, A., Helfricht, K., Kutuzov, S., Lavrentiev, I., McNabb, R., 

Gudmundsson, G. H., Li, H., and Andreassen, L. M.: How accurate are estimates of glacier ice thickness? Results from ITMIX, 690 

the Ice Thickness Models Intercomparison eXperiment, The Cryosphere, 11, 949–970, https://doi.org/10.5194/tc-11-949-

2017, 2017. 

Farinotti, D., Huss, M., Fürst, J. J., Landmann, J., Machguth, H., Maussion, F., and Pandit, A.: A consensus estimate for the 

ice thickness distribution of all glaciers on Earth, Nat. Geosci., 12, 168–173, https://doi.org/10.1038/s41561-019-0300-3, 

2019a. 695 

Farinotti, D., Round, V., Huss, M., Compagno, L., and Zekollari, H.: Large hydropower and water-storage potential in future 

glacier-free basins, Nature, 575, 341–344, https://doi.org/10.1038/s41586-019-1740-z, 2019b. 

Farinotti, D., Brinkerhoff, D. J., Fürst, J. J., Gantayat, P., Gillet-Chaulet, F., Huss, M., Leclercq, P. W., Maurer, H., Morlighem, 

M., Pandit, A., Rabatel, A., Ramsankaran, R., Reerink, T. J., Robo, E., Rouges, E., Tamre, E., van Pelt, W. J. J., Werder, M. 



29 

 

A., Azam, M. F., Li, H., and Andreassen, L. M.: Results from the Ice Thickness Models Intercomparison eXperiment Phase 2 700 

(ITMIX2), Front. Earth Sci., 8, 571923, https://doi.org/10.3389/feart.2020.571923, 2021. 

Farr, T. G., Rosen, P. A., Caro, E., Crippen, R., Duren, R., Hensley, S., Kobrick, M., Paller, M., Rodriguez, E., Roth, L., Seal, 

D., Shaffer, S., Shimada, J., Umland, J., Werner, M., Oskin, M., Burbank, D., and Alsdorf, D.: The Shuttle Radar Topography 

Mission, Rev. Geophys., 45, RG2004, https://doi.org/10.1029/2005RG000183, 2007. 

Fischer, A., Seiser, B., Stocker Waldhuber, M., Mitterer, C., and Abermann, J.: Tracing glacier changes in Austria from the 705 

Little Ice Age to the present using a lidar-based high-resolution glacier inventory in Austria, The Cryosphere, 9, 753–766, 

https://doi.org/10.5194/tc-9-753-2015, 2015a. 

Fischer, M., Huss, M., and Hoelzle, M.: Surface elevation and mass changes of all Swiss glaciers 1980–2010, The Cryosphere, 

9, 525–540, https://doi.org/10.5194/tc-9-525-2015, 2015b. 

Fürst, J. J., Gillet-Chaulet, F., Benham, T. J., Dowdeswell, J. A., Grabiec, M., Navarro, F., Pettersson, R., Moholdt, G., Nuth, 710 

C., Sass, B., Aas, K., Fettweis, X., Lang, C., Seehaus, T., and Braun, M.: Application of a two-step approach for mapping ice 

thickness to various glacier types on Svalbard, The Cryosphere, 11, 2003–2032, https://doi.org/10.5194/tc-11-2003-2017, 

2017. 

Fürst, J. J., Navarro, F., Gillet-Chaulet, F., Huss, M., Moholdt, G., Fettweis, X., Lang, C., Seehaus, T., Ai, S., Benham, T. J., 

Benn, D. I., Björnsson, H., Dowdeswell, J. A., Grabiec, M., Kohler, J., Lavrentiev, I., Lindbäck, K., Melvold, K., Pettersson, 715 

R., Rippin, D., Saintenoy, A., Sánchez-Gámez, P., Schuler, T. V., Sevestre, H., Vasilenko, E., and Braun, M. H.: The Ice-Free 

Topography of Svalbard, Geophys. Res. Lett., 45, 11,760-11,769, https://doi.org/10.1029/2018GL079734, 2018. 

Gärtner-Roer, I., Naegeli, K., Huss, M., Knecht, T., Machguth, H., and Zemp, M.: A database of worldwide glacier thickness 

observations, Glob. Planet. Change, 122, 330–344, https://doi.org/10.1016/j.gloplacha.2014.09.003, 2014. 

GlaThiDa Consortium: Glacier Thickness Database 3.1.0., World Glacier Monitoring Service, Zurich, Switzerland, 2020. 720 

Grab, M., Mattea, E., Bauder, A., Huss, M., Rabenstein, L., Hodel, E., Linsbauer, A., Langhammer, L., Schmid, L., Church, 

G., Hellmann, S., Délèze, K., Schaer, P., Lathion, P., Farinotti, D., and Maurer, H.: Ice thickness distribution of all Swiss 

glaciers based on extended ground-penetrating radar data and glaciological modeling, J. Glaciol., 67, 1074–1092, 

https://doi.org/10.1017/jog.2021.55, 2021. 

Haeberli, W., Hoelzle, M., Paul, F., and Zemp, M.: Integrated monitoring of mountain glaciers as key indicators of global 725 

climate change: the European Alps, Ann. Glaciol., 46, 150–160, https://doi.org/10.3189/172756407782871512, 2007. 

Helfricht, K., Huss, M., Fischer, A., and Otto, J.-C.: Calibrated Ice Thickness Estimate for All Glaciers in Austria, Front. Earth 

Sci., 7, 68, https://doi.org/10.3389/feart.2019.00068, 2019. 

Hugonnet, R., McNabb, R., Berthier, E., Menounos, B., Nuth, C., Girod, L., Farinotti, D., Huss, M., Dussaillant, I., Brun, F., 

and Kääb, A.: Accelerated global glacier mass loss in the early twenty-first century, Nature, 592, 726–731, 730 

https://doi.org/10.1038/s41586-021-03436-z, 2021. 

Huss, M. and Hock, R.: A new model for global glacier change and sea-level rise, Front. Earth Sci., 3, 

https://doi.org/10.3389/feart.2015.00054, 2015. 

Huss, M. and Hock, R.: Global-scale hydrological response to future glacier mass loss, Nat. Clim. Change, 8, 135–140, 

https://doi.org/10.1038/s41558-017-0049-x, 2018. 735 



30 

 

Hutter, K.: Theoretical glaciology. Material science of ice and the mechanics of glaciers and ice sheets, Publishing 

Company/Tokyo, Terra Scientific Publishing Company, Dordrecht, Boston, Tokyo, Japan, Hingham, 1983. 

Jouvet, G.: Inversion of a Stokes glacier flow model emulated by deep learning, J. Glaciol., 1–14, 

https://doi.org/10.1017/jog.2022.41, 2022. 

Krieger, G., Moreira, A., Fiedler, H., Hajnsek, I., Werner, M., Younis, M., and Zink, M.: TanDEM-X: A Satellite Formation 740 

for High-Resolution SAR Interferometry, IEEE Trans. Geosci. Remote Sens., 45, 3317–3341, 

https://doi.org/10.1109/TGRS.2007.900693, 2007. 

Lambrecht, A. and Kuhn, M.: Glacier changes in the Austrian Alps during the last three decades, derived from the new Austrian 

glacier inventory, Ann. Glaciol., 46, 177–184, https://doi.org/10.3189/172756407782871341, 2007. 

Linsbauer, A., Paul, F., and Haeberli, W.: Modeling glacier thickness distribution and bed topography over entire mountain 745 

ranges with GlabTop: Application of a fast and robust approach: REGIONAL-SCALE MODELING OF GLACIER BEDS, J. 

Geophys. Res. Earth Surf., 117, n/a-n/a, https://doi.org/10.1029/2011JF002313, 2012. 

Linsbauer, A., Huss, M., Hodel, E., Bauder, A., Fischer, M., Weidmann, Y., Bärtschi, H., and Schmassmann, E.: The New 

Swiss Glacier Inventory SGI2016: From a Topographical to a Glaciological Dataset, Front. Earth Sci., 9, 704189, 

https://doi.org/10.3389/feart.2021.704189, 2021. 750 

Maisch, M., Wipf, A., Denneler, B., Battaglia, J., and Benz, C.: Die Gletscher der Schweizer Alpen: Gletscherhochstand 1850, 

Aktuelle Vergletscherung, Gletscherschwund-Szenarien. (Schlussbericht NFP 31), 2nd ed., vdf Hochschulverlag an der ETH, 

Zürich, 373 pp., 2000. 

Marzeion, B., Jarosch, A. H., and Hofer, M.: Past and future sea-level change from the surface mass balance of glaciers, The 

Cryosphere, 6, 1295–1322, https://doi.org/10.5194/tc-6-1295-2012, 2012. 755 

Maussion, F., Butenko, A., Champollion, N., Dusch, M., Eis, J., Fourteau, K., Gregor, P., Jarosch, A. H., Landmann, J., 

Oesterle, F., Recinos, B., Rothenpieler, T., Vlug, A., Wild, C. T., and Marzeion, B.: The Open Global Glacier Model (OGGM) 

v1.1, Geosci. Model Dev., 12, 909–931, https://doi.org/10.5194/gmd-12-909-2019, 2019. 

Millan, R., Mouginot, J., Rabatel, A., and Morlighem, M.: Ice velocity and thickness of the world’s glaciers, Nat. Geosci., 15, 

124–129, https://doi.org/10.1038/s41561-021-00885-z, 2022. 760 

Morlighem, M., Rignot, E., Seroussi, H., Larour, E., Ben Dhia, H., and Aubry, D.: A mass conservation approach for mapping 

glacier ice thickness: BALANCE THICKNESS, Geophys. Res. Lett., 38, n/a-n/a, https://doi.org/10.1029/2011GL048659, 

2011. 

Müller, F., Calflisch, T., and Müller, G.: Firn und Eis der Schweizer Alpen (Gletscherinventar), Geographisches Institut, ETH, 

Zürich, 1976. 765 

Patzelt, G.: The Austrian glacier inventory: status and first results, IAHS-AISH Publ., 1980. 

Paul, F., Kääb, A., Maisch, M., Kellenberger, T., and Haeberli, W.: Rapid disintegration of Alpine glaciers observed with 

satellite data: DISINTEGRATION OF ALPINE GLACIERS, Geophys. Res. Lett., 31, n/a-n/a, 

https://doi.org/10.1029/2004GL020816, 2004. 

Paul, F., Frey, H., and Le Bris, R.: A new glacier inventory for the European Alps from Landsat TM scenes of 2003: challenges 770 

and results, Ann. Glaciol., 52, 144–152, https://doi.org/10.3189/172756411799096295, 2011. 



31 

 

Paul, F., Rastner, P., Azzoni, R. S., Diolaiuti, G., Fugazza, D., Le Bris, R., Nemec, J., Rabatel, A., Ramusovic, M., Schwaizer, 

G., and Smiraglia, C.: Glacier shrinkage in the Alps continues unabated as revealed by a new glacier inventory from Sentinel-

2, Earth Syst. Sci. Data, 12, 1805–1821, https://doi.org/10.5194/essd-12-1805-2020, 2020. 

Pfeffer, W. T., Arendt, A. A., Bliss, A., Bolch, T., Cogley, J. G., Gardner, A. S., Hagen, J.-O., Hock, R., Kaser, G., Kienholz, 775 

C., Miles, E. S., Moholdt, G., Mölg, N., Paul, F., Radić, V., Rastner, P., Raup, B. H., Rich, J., Sharp, M. J., and The Randolph 

Consortium: The Randolph Glacier Inventory: a globally complete inventory of glaciers, J. Glaciol., 60, 537–552, 

https://doi.org/10.3189/2014JoG13J176, 2014. 

Podest, E. and Crow, W.: Preliminary, v.1 SMAP Science Document no. 043, 15, 2013. 

Rodell, M., Famiglietti, J. S., Wiese, D. N., Reager, J. T., Beaudoing, H. K., Landerer, F. W., and Lo, M.-H.: Emerging trends 780 

in global freshwater availability, Nature, 557, 651–659, https://doi.org/10.1038/s41586-018-0123-1, 2018. 

Seehaus, T., Morgenshtern, V., Hübner, F., Bänsch, E., and Braun, M.: Novel Techniques for Void Filling in Glacier Elevation 

Change Data Sets, Remote Sens., 12, 3917, https://doi.org/10.3390/rs12233917, 2020. 

Sommer, C., Malz, P., Seehaus, T. C., Lippl, S., Zemp, M., and Braun, M. H.: Rapid glacier retreat and downwasting 

throughout the European Alps in the early 21st century, Nat. Commun., 11, 3209, https://doi.org/10.1038/s41467-020-16818-785 

0, 2020. 

Stoffel, M. and Huggel, C.: Effects of climate change on mass movements in mountain environments, Prog. Phys. Geogr. Earth 

Environ., 36, 421–439, https://doi.org/10.1177/0309133312441010, 2012. 

Welty, E., Zemp, M., Navarro, F., Huss, M., Fürst, J. J., Gärtner-Roer, I., Landmann, J., Machguth, H., Naegeli, K., 

Andreassen, L. M., Farinotti, D., Li, H., and GlaThiDa Contributors: Worldwide version-controlled database of glacier 790 

thickness observations, Earth Syst. Sci. Data, 12, 3039–3055, https://doi.org/10.5194/essd-12-3039-2020, 2020. 

WGMS: Fluctuations of Glaciers Database. World Glacier Monitoring, Zurich, Switzerland., 2021. 

Zekollari, H., Huss, M., and Farinotti, D.: Modelling the future evolution of glaciers in the European Alps under the EURO-

CORDEX RCM ensemble, The Cryosphere, 13, 1125–1146, https://doi.org/10.5194/tc-13-1125-2019, 2019. 

Zink, M., Moreira, A., Bachmann, M., Brautigam, B., Fritz, T., Hajnsek, I., Krieger, G., and Wessel, B.: TanDEM-X mission 795 

status: The complete new topography of the Earth, in: 2016 IEEE International Geoscience and Remote Sensing Symposium 

(IGARSS), 2016 IEEE International Geoscience and Remote Sensing Symposium (IGARSS), Beijing, 317–320, 

https://doi.org/10.1109/IGARSS.2016.7729075, 2016. 

 


